A joint experimental and theoretical investigation on the mechanism of the Petasis Borono-Mannich reaction is described. Using the charge-tag strategy for mass spectrometry ion monitoring in solution, unprecedented key intermediates were intercepted and characterized.
The lack of compelling evidence supporting a general mechanism for the Petasis Borono-Mannich (PBM) reaction (Scheme 1) has hindered both the development of more efficient catalysts and their effective chiral induction. [1] [2] [3] Most mechanistic proposals have relied on theoretical investigations 4, 5 or on data from quite specic PBM reactions, [6] [7] [8] as reviewed elsewhere; 9 and the available experimental data has been scarce and conicting. From a 11 B NMR and solvent effects investigation, 6 some mechanistic considerations were presented, but no direct evidence on the intermediates was presented. The solvent, where protic and polar solvents are notably preferred, 9 proved to be crucial for the reaction success, but a few exceptions have been reported. For instance, 1,2-dichloroethane proved to be a better solvent than water. 4 The mechanism of the PBM reaction is therefore still under hot debate 10 and an universally accepted and detailed mechanism is yet to be demonstrated.
Mass spectrometry, especially when electrospray ionization and tandem MS are applied, [11] [12] [13] has greatly contributed to the comprehension of several mechanisms for major reactions [14] [15] [16] [17] such as for the Morita-Baylis-Hillman, 18 Heck, 19 and Hantzsch
20
reactions. Despite the progress observed in the mechanistic investigation via ESI-MS(/MS), 21 the technique may fail for reactions in which intermediates display a neutral (including zwitterionic) character. Acidication or basication may facilitate the detection of intermediates in the form of protonated or deprotonated molecules but the pH change may also affect reaction pathways leading to misleading conclusions. To overcome this drawback, the elegant charge tag strategy has been developed and successfully applied for several reactions. 22 The in situ generation of a xed charge or the remote placement of a covalently bonded charge tag on the structure of reactants favours the continuous ESI-MS detection and characterization of most, if not all, the species added or being formed in the reaction solution therefore including key intermediates.
Based in our interest in multicomponent reactions [23] [24] [25] [26] and mechanistic investigations, [27] [28] [29] [30] [31] we report herein a joint theoretical and experimental investigation of the mechanism of the PBM reaction. ESI-MS(/MS) monitoring was performed and data was corroborated by DFT calculations. Fortunately, a key intermediate was isolated and its single crystal X-ray analysis could be performed. The unprecedented data collected herein allowed us to propose a preferred reaction pathway for the PBM reaction and to unveil its most likely mechanism.
We initiate the study reacting benzylamine, phenylboronic acid and salicylaldehyde (see ESI †). The choice of reactants benets from the knowledge that aldehydes bearing an ahydroxy group have been used in PBM reactions to facilitate the formation of a complex with the boronic acid.
9 Both a polar (methanol) and less polar (toluene) solvent were tested. The rst reaction to be monitored online by direct infusion ESI(+)-MS was performed in methanol. For the PBM reaction performed in methanol, we were fortunate to observe the precipitation of crystals, which were found to be suitable for X-ray analysis ( Fig. 2 and Table S1 †). The data revealed the unprecedented characterization of the key PBM intermediate, that is, the product of methanol addition to the intermediate detected as the ion of m/z 298 in Fig. 1 . The Xray analysis revealed a zwitterionic cyclic structure formed from methanol addition to the boron atom.
Although they seem inevitable to corroborate the intercepted species, some intermediates proposed in Scheme 2 have not been intercepted by ESI(+)-MS(/MS). To make sure that no intermediate has escaped detection due to the limitation of monitoring intrinsically neutral intermediates, an in situ generated charge tag 22 was then added to the reactants, that is, salicylaldehyde was replaced by 4-diethylamino-salicylaldehyde. The idea is to add a strong basic site that should be easily protonated in the reaction solution regardless the pH thus serving as a remote charge tag. Both methanol and toluene were again tested as the solvents, but now with similar results. The reaction performed in toluene produced similar ESI(+)-MS with ions of the same exact mass, but with considerably lower abundance and detected aer a longer time of monitoring (120 min). As Fig. 3 and S7-S12 † show, ESI(+)-MS monitoring of the charge tagged PBM reaction solutions were also quite revealing in regard to the PBM mechanism.
For the reaction in methanol (Fig. 3) , several key species were detected as cations which included the charge-tagged aldehyde of m/z 194, the iminium ion of m/z 283, the cyclic boron intermediate of m/z 369, the intermediate from the double condensation with the boronic acid of m/z 651, and the intermediate formed just before B(OH) 3 elimination of m/z 423. Note their structures which are similar as those intercepted from the reaction solution with the untagged aldehyde. Using the chargetagged reagent, however, the open form of the boron-containing intermediate of m/z 387, which is the species proposed for the phenyl group transfer, was additionally detected and characterized. It seems that such intermediate is rapidly formed and consumed (Scheme 2), affording its preferentially cyclic form, in the course of the PBM reaction judging for its low abundance even when the charge tag was added. But fortunately, the charge tag strategy allowed for its proper ESI(+)-MS/MS characterization (Fig. S9 †) .
A key supramolecular ion of m/z 809 has also been detected and characterized. Its structure was attributed to the association of the intermediate of m/z 423 and the neutral intermediate (386 Da). The use of a charge-tagged reagent returned therefore complementary information that supported the mechanistic proposition of Scheme 2.
For a better understanding of the intermediates intercepted and proposed in Scheme 2, as well as for the key phenyl group transfer process, theoretical calculations (DFT) were performed. The calculations also aimed at probing the solvent effect, that is, for methanol which was calculated using explicit treatment. Theoretical evaluations already described only used implicit treatments. Fig. 4 shows the reaction pathway and transition states starting from the universally accepted imine/iminium intermediate. Fig. 4 depicts a cooperative action from the solvent which points to the importance of solvent effects towards the PBM adduct formation. Protic polar solvents such as methanol or ethanol are commonly used to perform the PBM reaction and possibly H-bonds with the substrate and intermediates are likely to affect the reaction outcome. Structure A (Fig. 4 ) interacts with two solvent molecules and affords the key intermediate C (Fig. 4) in its open form via transition state B (Fig. 4) . Intermediate C may cyclize via water loss to afford the stable structure similar to that deduced from single crystal X-ray analysis (Fig. 2) . The other route involves phenyl group transfer visa transition state D (Fig. 4) resulting in an intermediate similar to that of m/z 423 (Fig. 3) or m/z 352 (Fig. 1) , which in turn undergoes hydrolysis to afford the nal PBM adduct. Note again the importance of methanol (the solvent) in facilitating Htransfer as showed by the optimized structure of transition state D (Fig. 4) .
Intermediate C (Fig. 4) indeed have a higher preference to cyclize (Fig. 5 ) rather than forming intermediate E (Fig. 4) since its cyclization is highly favoured (DG ¼ 18.18 kcal mol À1 ). The same process occurs from the dormant intermediate (Fig. S13 †) similar to those of m/z 509 ( Fig. 1 ) and m/z 651 (Fig. 3) . All attempts to simulate phenyl group transfer to the C]N bond from the cyclic intermediates miserably failed. The DFT results indicate therefore that these intermediates act as reservoirs to the corresponding open form, which is the only one capable of transferring the phenyl group. In summary, from comprehensive ESI-MS(/MS) reaction monitoring data and predictions from DFT calculations, as well as the unprecedented characterization of a crystallized form of a key intermediate, a plausible route for the controversial mechanism of the important multicomponent PBM reaction has been proposed. Structure variations in the PBM reactants are being continuously tried in the hope to accumulate further evidence for the proposed PBM mechanism and the results will be disclosed in due course.
